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In the Standard Model, the electroweak phase transition is a crossover. In many extensions,
including those with additional charged Higgs bosons, the phase transition can be of first order –
even strongly so. In such a phase transition, the resulting collisions of bubbles of the new Higgs
phase, and the associated interactions of sound waves in the plasma, are substantial sources of
gravitational waves. For a phase transition at or around the electroweak scale, these gravitational
waves may be detectable by future or planned missions, such as LISA. This can indirectly provide
a complementary probe of particle physics beyond the Standard Model. I will review the physics
that makes this possible.
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1. Introduction
Over the next twenty years, gravitational waves will become a major focus not only for astro-
physics but also for cosmology. The LIGO and VIRGO detectors have now seen eleven gravita-
tional wave events [1], ten of which were black hole mergers, with one neutron star merger [2].
For cosmologists, the promise of gravitational waves lies in the fact that they allow us to see
back to periods in the history of the universe when it was optically opaque (see e.g. Refs. [3, 4]
for recent reviews). For example, a broad-spectrum stochastic background of gravitational waves
is generically produced during inflation. This might be detectable directly by current or future
interferometric experiments and missions; it is also expected to imprint itself on the B-modes of
the cosmic microwave background. Other processes, such as preheating, or the evolution of a
network of topological defects, can also source gravitational waves.
The LISA mission, due to launch in 2034, will consist of three satellites in a triangular configu-
ration, with two laser links between each spacecraft [5]. It will be able to detect gravitational waves
from a wide range of astrophysical sources, such as galactic binaries (including white dwarfs, neu-
tron stars, and stellar-origin black holes), massive black hole mergers, and the inspiral of stellar
origin black holes into much larger massive black holes.
However, LISA is – fortuitously – also configured in a way that will allow us to see gravita-
tional waves from a wide variety of phase transition scenarios at or around the electroweak scale
(see e.g. Refs. [6, 7]). Indeed, detecting (or ruling out) such a scenario is part of the LISA science
case. Unlike gravitational waves from inflation, however, the signal is strongly peaked. This peak,
including its amplitude, depends fairly strongly on the details of the phase transition.
In the sections that follow, we will see how the electroweak phase transition is able to produce
a stochastic background of gravitational waves.
2. The electroweak phase transition
The electroweak phase transition in the Standard Model is known to be a crossover for the
physical Higgs mass of 125GeV. This was established over twenty years ago through lattice
simulations of a dimensionally-reduced model that accurately, but efficiently, describes the long-
distance physics of the model [8, 9]; it was then verified by other means [10, 11]. However, by
adding additional degrees of freedom, such as extra charged scalar fields, it is possible to get a
first-order phase transition during electroweak symmetry breaking. This is particularly true if the
additional fields are light.
A first-order phase transition proceeds by the nucleation of scalar field bubbles of the true
vacuum inside the old, false vacuum, phase. These bubbles expand and merge, filling the space
with the new phase (see Fig. 1). As they expand, the walls of the bubbles interact with the plasma
formed by the rest of the particles and, in almost all electroweak phase transition scenarios [13],
approach a terminal wall velocity. Meanwhile, a reaction front is set up in the vicinity of the
expanding bubble walls, producing an expanding shell of kinetic energy in the plasma. After the
bubbles collide, these shells continue to expand at the speed of sound.
The bubble collisions, and in particular the overlapping sound waves set up in the hot Standard
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False vacuum
True vacuum
Figure 1: Schematic illustration of a first-order phase transition, after Ref. [12]. Bubbles of the true vacuum
are nucleated in the false vacuum. These expand, and collide. Gravitational waves are sourced both by the
bubble collisions themselves, and by the overlapping sound shells after the bubbles have merged. Credit:
A. Kormu.
gravitational waves [14]. If the walls move subsonically and there is sufficient CP violation in the
theory, this also represents a viable framework in which to achieve electroweak baryogenesis (see
Ref. [15] for a review).
In some cases, the electroweak phase transition is not the only symmetry-breaking phase tran-
sition in the model. There may be a first-order phase transition only involving other fields, followed
by the electroweak phase transition (which is usually then first order, too). Such ‘two-step’ scenar-
ios have been studied in Refs. [16, 17, 18]. In fact, these papers focussed on a triplet extension of
the Standard Model, which we investigated using the technique of high-temperature dimensional
reduction in Ref. [19] (see Ref. [20] for a thorough discussion of dimensional reduction in the
context of the electroweak phase transition).
2.1 Dimensional reduction
The full four-dimensional theory of the electroweak sector of the Standard Model, or one of
its extensions, is difficult to study nonperturbatively. If we instead construct a three-dimensional
high-temperature effective field theory, we can handle the infrared physics in a consistent way;
integrate most of the field content out; and map the four-dimensional parameters onto a much
simpler field theory. In the case of the gauge-Higgs minimal model of Refs. [8, 9], there are just
two free parameters: the quadratic and quartic terms in the three-dimensional scalar potential.
Higher dimensional operators are neglected, and all other fields have been integrated out.
Equipped with a dimensionally reduced model, we can use the three-dimensional quantum
field theory to study the phase transition in the original model. As the dimensionally reduced theory
correctly describes the infrared physics of the full finite-temperature field theory, we can use it to
study the phase diagram and determine quantities such as the latent heat and critical temperature.
One can use the three-dimensional effective potential [21], or simulate the theory on the lattice [8].
The lattice simulations of the three-dimensional theory were used to show that the endpoint of the
first-order critical line lies around 80GeV.
2.2 Results for extended models
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Crossover (x > 0.11)
First order PT (0 < x < 0.11)
DR breaks down (x < 0)
Figure 2: Figure from Ref. [19] showing the regions of parameter space for which the existing non-
perturbative results for the phase transition in the three-dimensional Standard Model effective field theory
can be applied to the real triplet extension of the Standard Model. The axes are the triplet mass MΣ and the
portal coupling a2. The dashed contours give the critical temperature in GeV. The light blue region is where
the electroweak phase transition is a crossover in this model; in the light green region the phase transition
is of first-order. The dark green region shows where the dimensional reduction fails to work – principally
due to neglected higher-dimensional operators, while in the grey region the real triplet is light and must be
included in the dimensional reduction.
then they can be integrated out during the dimensional reduction. The logical conclusion of this ap-
proach is to integrate out all the additional degrees of freedom, leaving the same three-dimensional
theory as describes the minimal Standard Model electroweak sector, albeit with different match-
ing relations between the three- and four-dimensional theories. This allows us to apply the results
of Ref. [8] to this new theory to determine the regions of parameter space for which a first-order
electroweak phase transition occurs (this type of mapping was first suggested in Ref. [22]).
In Ref. [19], we used this approach to study a theory with an additional real triplet field. The
result of this reuse of existing results is shown in Fig. 2. While attractive, this technique is not
without problems or limitations. If the additional field content – in our example, the triplet field –
is light, then it cannot be integrated out and the existing results cannot be used. Even in cases where
the field is sufficiently heavy to be integrated out, the dimensional reduction may neglect higher-
dimensional operators which ought to have been included. As the largest source of systematic error
in such a calculation, it is important to verify the importance of higher-dimensional operators.
For cases where the mapping onto the minimal three-dimensional Standard Model does not
work, additional simulations will be required to reliably study the theory nonperturbatively. On the
other hand, in cases where it does work the critical temperature, latent heat and other quantities
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3. Gravitational waves
The previous section summarised some of the ways in which a first-order electroweak phase
transition can be produced by the addition of extra physics, for example by the presence of ad-
ditional charged Higgs fields, and discussed ways of computing the phase diagram and relevant
parameters for such scenarios. In this section we turn our attention to the gravitational wave power
spectrum that may be observed in such a situation.
It has generally been thought that there are three sources of gravitational waves in a thermal
first-order phase transition: the collision of the scalar field bubble walls, the overlapping sound
shells formed by the reaction fronts after the bubbles have collided, and turbulence formed in the
plasma long after the bubbles have merged.
As the initial bubble collisions are short-lived and only involve the gradient energy of the scalar
field bubble walls, only in cases where the walls accelerate to ultrarelativistic speeds is it likely that
bubble wall collisions are an important source of gravitational waves; we do not consider such so-
called ‘runaway’ scenarios any further as they do not seem likely [13]. On the other hand, the exact
amplitude of the turbulent power spectrum, as well as how quickly it develops, remains unclear and
is worthy of further investigation.
3.1 Simulations
For thermal phase transitions at the electroweak scale, then, the overlapping sound waves are
likely to represent the most significant source of gravitational waves. Their spectral shape and
properties have been extensively studied in simulations over the past few years [14, 23], and indeed
an analytical model has been developed [24].
The spectral shape proposed in Ref. [6] was developed as a result of simulations, and further
validated in Ref. [24]. These simulations employ a system of a relativistic scalar field φ , which
models the scalar field driving the phase transition (e.g. the Higgs field), and a relativistic ideal
fluid uµ , which models the Standard Model plasma. A phenomenological damping term is intro-
duced which converts scalar field gradients into fluid kinetic energy. This model was widely used
in simple spherically-symmetric simulations of bubble nucleation for first-order phase transitions
twenty-five years ago (see e.g. Ref. [25]). It was first studied in three dimensions – and applied to
gravitational wave production from first-order thermal phase transitions – in Ref. [14].
These simulations have some limitations. One issue is that the dynamic range available in
state-of-the-art three-dimensional computer simulations allows at most three orders of magnitude
of length scales to be resolved; this is in contrast to the situation in the early universe, where many
orders of magnitude separated the (microscopic) bubble wall width from the (cosmological) bubble
radius. However, with care, robust results can be extrapolated.
Another issue is that we are unable to see the finite duration of the sound source in our sim-
ulations so far. There is a time scale τsh = H∗R∗/U f, where H∗ is the Hubble constant at the time
of gravitational wave production, R∗ is the average bubble radius, and U f is the average plasma
four-velocity. For many parameter choices [26], this timescale is less than the Hubble time, and so
the sound source may be attenuated by processes other than the expansion of the universe (in the
plots in this proceedings we take this cutoff time into account). Work to investigate the fate of the
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3.2 PTPlot.org: an online tool
To streamline the calculation of the gravitational wave power spectrum for electroweak-scale
first-order phase transitions, we have developed an online tool [27], PTPlot, that will allow the
computation of predicted gravitational wave power spectra for first-order phase transition scenarios
relevant for LISA (see Fig. 3 for an example).
Figure 3: Typical gravitational wave power spectrum for a first-order phase transition that may be observable
at LISA. This point, with T∗ = 51.64GeV, α = 0.111 and β/H∗ = 663 and vw = 0.95, corresponds to the
‘C’ benchmark point for the two Higgs doublet model (2HDM) in Ref. [6], Table 3. Note that a conservative
limit on the sound source lifetime has been applied, as discussed in the text. The SNR from the sound wave
source alone is about 150 in this case (with a five year mission duration). Note that the sensitivity curve used
here and in subsequent figures will be supplanted by that in the LISA Science Requirements Document.
It also computes the signal-to-noise ratio (SNR) and can create parametric SNR plots, as
well. For these purposes, the gravitational wave power is taken to be sourced entirely by sound
waves [23], but with attenuation due to the conservative assumption that the sound wave source
will not last longer than one fluid turnover time [26]. Examples of such plots are shown in Fig. 4.
4. Outlook
The direct detection of gravitational waves by the LIGO and VIGRO collaborations has catal-
ysed interest in both astrophysical and cosmological sources of gravitational waves. At the same
time, the LISA mission is now in preparation and due to launch in 2034.
The design of LISA is such that it will be able to detect gravitational waves from strong first-
order phase transitions at the electroweak scale. Indeed, it can be seen as a sort of particle physics
experiment, with the ability to probe some models and regions of parameter space better than
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Figure 4: Contour plots of the SNR for the 2HDM benchmark points in Ref. [6], Table 4. T∗ is taken to
be 50GeV, and the plots can be compared with the top-right pane of Ref. [6], Fig. 4. At top, the SNR
contours are plotted in terms of the effective average fluid velocity U f and the bubble radius as a fraction of
the Hubble radius (HnR∗). At bottom the contours are plotted directly in terms of the strength and inverse
phase transition duration parameters α and β/H∗, respectively. The dashed lines show the shock formation
time τsh = H∗R∗/U f; the grey shaded region shows where this is longer than a Hubble time and the sound
wave results are expected to be most reliable [26]. In the unshaded region, we assume the source turns off
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Other future missions, such as the Einstein Telescope or DECIGO, will further grow the range
of early-universe phenomena and energy scales that can be probed with gravitational waves.
Before LISA launches in 2034, however, much remains to be done. The quantities that de-
termine the gravitational wave power spectrum, such as the critical and nucleation temperatures,
latent heat, phase transition duration, and bubble wall velocity, ought to be computed with greater
precision in models of interest. The gravitational wave power spectrum from such a scenario must
be better studied, to establish firmly the lifetime and fate of the sound wave source of gravitational
waves; the development of turbulence must also be investigated. Work on all these exciting topics
is already underway.
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